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Abstract. Y2.91Ce0.09Al5O12 is obtained by self-combustion, grinding and sol–gel coating. X-ray diffraction, transmission
electron microscopy, photoluminescence and absorption measurements were used to identify the structural and optical
properties of each step of the process. The process is composed of a combination of chemical and physico-chemical processes
including combustion and thermal steps, followed by grinding, powder dispersion by acidic passivation, stabilization of
particle dispersions with citrate ligands and embedding of yttrium aluminium garnet (YAG) particles into SiO2 shells using
a seeded growth process before drying. The initial state of the obtained powder is composed of 35 nm crystallites, sintered
and agglomerated. The grinding step breaks the sintered bridge, while the passivation and citrate adsorption steps separate
the particles by electrostatic repulsion before the silica coating. The optical characterizations are performed and compared
separately for the powdered samples that represent the initial and final states of our process, and the dispersion sample
represents the intermediate state of our process. The optical measurement revealed an important amount of optical defects
at the surface of the particles, compared with micrometric commercial particles. The grinding, nitric acid and citrate steps
remove some of these defects. The final state of the sample still possesses lower quantum efficiency than that of a micrometric
sample, but the SiO2 coating allows for a perfect separation of the particle, suitable for implementation in small devices.
Keywords. Self-combustion; YAG; core–shell; SiO2 coating.
1. Introduction
Yttrium aluminium garnet (YAG) is one of the most widely
used phosphors because of its ability to incorporate lumines-
cent cations that induce the requested optical properties [1].
This material is also widely used due to its ease of synthesis
[2], its excellent thermal and chemical stabilities [3] and its
low number of optical defects, which allow for a high efficacy
[4]. This compound, doped with neodymium (Nd-YAG; 355,
532 and 1064 nm) and erbium (Er-YAG; 2940 nm), is used as
a ceramic in lasers to replace single-crystal YAG [5]. Other
trivalent cations are also used as dopants, such as Yb, Ho,
Cr, Tm, Tb, Dy and Sm, for some niche applications, cath-
ode X-ray tubes, temperature sensors, non-linear optics and
flash lamps [6,7]. YAG doped with cerium is a yellow phos-
phor used in phosphor-converted white light-emitting diodes
(LEDs) [8], due to its ability to absorb blue light (450 nm)
coming from the InGaN dye [9] and emit a broadband centred
at 550 nm, inducing white light.
An additional strength of this compound is its ability to
modulate specific properties of luminescent ions. The host
structure (cubic, Ia3d) is modified by substituting yttrium and
aluminium by other trivalent cations (Lu, Ga, etc.) and also
by a pair of divalent and tetravalent cations (Mg–Si/Ge) [10].
These substitutions induce a modification to the cell param-
eters, the oxygen–cation distance, the angle of the distorted
cubic site [11] and the crystal field surrounding the cation,
all of these parameters having an influence on the optical
properties.
YAG powder can be synthesized by various methods: solid-
state reaction [12], co-precipitation [13], combustion [14],
sol–gel process [15] and hydrothermics [16]. Pan et al [17]
discussed the various optical properties of YAG:Ce3+ as
a function of the synthesis method. In most cases, nano-
sized compounds are of lower efficiency than micronic-sized
compounds [18] due to the increase of the surface com-
pared with the bulk. Moreover, the surface is the main
source of optical defects due to poorly crystallized layers and
the oxygen and hydroxyl bridge. According to our knowl-
edge, only complicated and expensive experimental processes
such as spray pyrolysis [19] allow for some phosphor-
based nano-YAGs with a higher efficiency than micro-YAG
to be obtained. Investigating nanoparticles may be worth-
while when scattering must be prevented or for integrating
a device with a specific size smaller than 1 µm. In addition,
in the cases of packaging nanoparticles in a small device, the
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agglomeration process is a key issue. The goal is to avoid
particle agglomeration in order to have a better dispersion of
the particles. For this purpose, a well-known process is to add
a silica shell surrounding the particle. Silica is of great inter-
est in materials science due to its chemical inertness, optical
transparency, thermal stability, dielectric properties, tunable
porosity and ability to easily modify and formulate the surface
in various media [20].
In this paper, we study the influence of a silica coating
on the optical properties of Ce-YAG nanoparticles synthe-
sized by a self-combustion technique. The effects of the
various steps of the process are investigated by structural
and optical measurements in order to understand the various
mechanisms (physical and chemical) involved. Our process,
starting and ending with powdered samples, implies interme-
diate stages with dispersion of the powder into liquid. Only
powdered samples are characterized by electronic microscopy
and X-ray diffraction (XRD). The optical characterizations
are performed and compared separately for the powdered
samples and the dispersion samples.
In the present study, a silica coating is used to promote the
electrostatic colloidal stabilization of the YAG powders. The
strategy uses a first step of surface leaching by acidic treat-
ment in order to remove multivalent cations (Y3+ and Ce3+)
acting as ions determining potential (IDP) responsible for the
decrease in the surface electrostatic potential preventing the
particle’s peptization [21]. The colloidal stabilization is then
ensured by the adsorption of citrate ligands enabling the sta-
bilization in alkaline medium. These dispersions can then be
transferred to the sol–gel medium (alkaline hydro-alcoholic
medium) for silica formation around the YAG particles by
hydrolysis-condensation of tetraethoxysilane (TEOS). The
isoelectric point value of pH 2–3 for the as-formed silica sur-
face [22] makes these particles negatively charged for a large
pH range of aqueous media.
2. Materials and method
2.1 Materials
Citric acid (99.5%) and TEOS (98+%) were purchased from
Aldrich. Absolute ethanol (J.T. Baker) and ammonia (30%)
were used as received. Water was deionized (resistivity higher
than 18 M). All other reagents were of analytical grade from
Aldrich.
2.2 Method
Y2.91Ce0.09Al5O12 particles were synthesized by mixing
Y(NO3)3·6H2O, Ce(NO3)3·6H2O and Al(NO3)3·9H2O with
water in a stainless-steel beaker. Glycine (Alfa Aesar) was
then added with a specific molar ratio glycine/nitrate of 0.55.
After 30 min of stirring, the mixture was slowly heated at
80◦C on a hot plate in order to evaporate water. The resulting
viscous liquid was then heated at 250◦C in order to achieve
the self-combustion step. At this stage, the obtained product
consists of voluminous dark ashes.
The obtained amorphous black powder was then treated at
900◦C in a tubular furnace at a heating rate of 3◦C min−1.
The sample was maintained at this temperature for 2 h in an
air environment, and then 30 min in an argon environment
followed by an additional 90 min under Ar/H2 flow. This pro-
cess removes the carbon residue and then crystallizes the YAG
phase with a perfect reduction of cerium. The obtained pow-
der is called heated-powder.
The powder is then grinded using ball milling for 1 h
to break the particles prior to the core–shell process. The
obtained powder is called grinded-powder.
YAG nanoparticles were coated by silica with a method
previously reported [21,23,24]. The YAG particle surface was
first treated with an acidic treatment under ultrasound (soni-
cator bath) for 15 min in 10 ml of 2 M HNO3. After washing
by centrifugation (3000g), the particle surfaces were citrated
by adding 0.05 M solution of citric acid resulting in the
flocculation of the particle dispersion. Citrated nanoparticles
were washed again with ultra-pure water by centrifugation
to remove excess citric acid. Peptization of the particles
occurred by adding 200 µl of ammonia (30%) on the pel-
let before dilution in 100 ml of MilliQ water and 10 min
of sonication. Then, the alkaline dispersion was poured into
a volume of ethanol/water/ammonia solution 75/23.5/1.5%.
The reaction volume was fixed at 800 ml. A volume of
1.2 ml of TEOS was found to give a silica coating thickness
of 5 nm. The shell thickness was checked using transmission
electron microscopy (TEM). A simple calculation provides
a good starting TEOS volume. Considering the mean of
Feret diameters measured by TEM, taking into account the
number of particles Np and assuming that particles are spher-
ical, the starting TEOS volume was calculated using the
formula VTEOS = 3.89 × Np(D3 − d3); VTEOS is directly
expressed in ml and D and d are the final and starting diam-
eters expressed in cm. The 3.89 scaling factor was computed
from the molecular weights of SiO2 formula units and TEOS
and the densities of silica and TEOS (2 and 0.934 g cm−3,
respectively). Typically, for 500 mg of grinded YAG dispersed
particles, a volume of 1.2 ml of TEOS was added to give a
silica thickness of approximately 5 nm. A last centrifuga-
tion yields the final product defined as the dried silica-coated
powder.
In summary, the analysed samples are as follows:
– The heated powder from the thermally treated reagent
after the self-combustion step.
– The grinded powder from the grinding process of the
previous sample.
– The ultrasonic dispersion from the acidic treatment
under ultrasound of the previous sample.
– The citrated particle dispersion from the critic acid
treatment of the previous sample.
– The silica-coated particle dispersion from the TEOS
treatment of the previous sample.
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– Finally, the dried silica-coated powder from the
centrifugation of the previous sample.
Due to the technical properties of the experimental charac-
terization, only the powdered samples (heated, grinded and
dried silica-coated) are analysed by XRD, TEM and photo-
luminescence and diffuse reflectance. The dispersed samples
(ultrasonic, citrated and silica-coated) are characterized only
by photoluminescence.
The ultrasonic dispersion can be assimilated to the grinded
powder, since it is just the grinded powder dispersed in
ethanol. The silica-coated particle dispersion can also be
assimilated to the dried silica-coated powder.
3. Experimental
3.1 X-ray diffraction
The samples were characterized by powder XRD using
a Bragg-Brentano Philips PW1820 diffractometer working
with Cu Kα radiation and a backward monochromator. The
patterns were analysed using Eva Bruker® software and com-
pared with the PDF database using FindIt ICSD software. The
cell parameters were calculated using the Rietveld refinement
with FullProf software [25].
3.2 Transmission electron microscopy
TEM experiments were performed on JEOL 2200FS equip-
ment with a Schottky field-emission gun operating at 200 kV.
For the grinded powders, the TEM powdered samples were
prepared by dispersing a few milligrams of powder in ethanol.
One drop of the solution was deposited on a Formvar/carbon
copper grid. For silica-coated YAG particles, a drop of the
ethanolic dispersion was directly deposited on the grid after
the coating step.
3.3 Photoluminescence
The luminescence properties were analysed using a SPEX
FL212 spectrofluorometer. This equipment is composed of
a 450 W xenon lamp, an excitation double monochroma-
tor, a sample holder, an emission double monochromator and
a photomultiplier tube. The sample holder can be a black
stainless-steel plate for powder samples or a quartz cuvette
for liquid samples.
This equipment was also used to record the diffuse
reflectance spectra of luminescent powder and to calculate
the absorption. In this case, the emission and the excitation
monochromators are in a synchronous mode to collect all of
the diffuse reflections of the xenon lamp without catching any
fluorescence photons. A black reference (B: black toner) and
a white reference (W : magnesia MgO) were scanned under
the same conditions, and the measurement for the sample (S)
Figure 1. XRD patterns of nano-YAG: heated powder, grinder
powder and dried silica-coated powder.
was corrected to obtain the desired data (R) following the
relationship: R = (S − B)/(W − B).
4. Results and discussion
4.1 X-ray powder diffraction
The heated powder, the grinded powder and the dried silica-
coated powder were investigated by XRD. The results are
shown in figure 1.
The peaks correspond perfectly to the YAG reference
(JCPDS 33-0040). The aluminium peaks revealed at 38.3 and
44.6 nm correspond to the sample holder, which are not easy
to eliminate due to the nanometric size of the particles and
the penetration depth of the X-ray beam.
The cell parameter, identical for the three samples and cal-
culated using Fullprof, a = 12.0520(2) is in agreement with
the usual cell parameters revealed in the literature. The crys-
tallite size, calculated by the Scherrer formula based on the
peaks width [26], is 35 nm. This value corresponds to an aver-
age coherent crystallized domain size. The non-evolution of
the value indicated that the single-crystal part of the parti-
cle does not change during the grinding and the core–shell
processes.
The increase in the background between 15 and 30◦ of the
dried silica-coated powder is due to the diffusion band of the
amorphous silica shell surrounding the particles.
4.2 Morphology
The same samples analysed by XRD, as well as heated,
grinded and dried silica-coated powders were investigated by
TEM. The results are shown in figure 2.
The micrograph of the heated powder reveals mainly
agglomerated particles (figure 2a) chemically bound together.
It was difficult to find isolated particles (figure 2c). These
agglomerates are micrometric in size, which is definitely not
suitable for small devices for specific applications. As seen
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Figure 2. TEM micrographs of nano-YAG: heated powder, grinder powder and dried silica-coated powder.
in figure 2b and c, the particles are composed of various
crystallites, sintered together with a YAG bridge. The size
of the particles is approximately 40 nm, corresponding to the
size calculated by X-rays.
By milling the powder, the agglomeration of particles is
still revealed (figure 2d). However, looking more carefully
(figure 2e and f), the edges of some particles appear sharp,
revealing that the sintered bridge is broken by the grinding.
The crystallite size is still approximately 40 nm.
The final product, the dried silica-coated powder, is a
closed-packing of isolated particles resulting from the bal-
ance between the drying forces combined with the attractive
van der Waals interactions and the repulsive electrostatic
forces coming from the negatively charged silica surface (fig-
ure 2g and h). Isolated particles showed a uniform 5 nm silica
shell surrounding the nanoparticles (figure 2i). The diffraction
plans are also evidenced, revealing a well-crystallized state.
4.3 Photoluminescence
All samples were analysed by excitation and emission exper-
iments. The emission measurements were performed by
exciting at the maximum of the excitation band (453 nm).
All the excitation measurements were performed by select-
ing the emission wavelength at the maximum of the emission
band (551 nm). The powder sample measurements are shown
in figure 3. The liquid sample measurements are shown in
figure 4.
In all the cases, excitation spectra reveal two bands. The
first one centred at 340 nm corresponds to the 2F5/2-t2g tran-
sition. There are in fact three split Gaussian contributions (in
the energy range) in this band. The second band centred at
450 nm corresponds to the 2F5/2-eg transition [27]. There are
in fact two split Gaussian contributions (in the energy range)
in this band. This last band is used in LED devices to absorb
the blue light coming from InGaN semiconductors [28].
In the emission spectra, the large bands, centred at 550 nm,
are composed of two split Gaussian contributions due to the
t2g-2F5/2 and t2g-2F7/2 transitions [27].
A commercial micrometric YAG was also analysed. The
intensity measured for this last compound is approximately
40% higher than that of all the samples measured in the frame
of this work. This finding means that as previously mentioned
in the literature [29], nanometric compounds are less efficient
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Figure 3. (a) Excitation and (b) emission of powder samples.
Figure 4. (a) Excitation and (b) emission of dispersed samples.
than micrometric ones due to the increase in surface defects
in the nanometric materials.
For all the samples, there is neither modification of the
shape nor the position of the maximum of each band, meaning
that the crystallographic environment surrounding the cerium
is not modified during all the processes.
However, there is a change in the intensity. For the pow-
dered samples, the emission intensity is higher for the grinded
powder than that for the heated powder, which means that
the grinding process induces a modification to the particles.
Indeed, during the grinding process, the particles are broken,
inducing a change in their surface state. Knowing that the ini-
tial surface is a source of optical defects, the grinding process
slightly decreases the part of the initial surface, lowering the
amount of surface defects and increasing the efficiency.
The final compound, dried silica-coated powder, exhibits
a similar intensity to the heated powder, meaning another
surface modification appears during the shell coating.
For the liquid-dispersed samples, in the ultrasonic dis-
persion, the compounds can be assimilated to the grinded
powder, since it is just the grinded powder that dispersed in
ethanol. The dispersion was assisted by ultrasound and the
measurements were performed. The goal was to avoid an
agglomeration at the bottom part of the solution appearing
during the measurement.
The citrated particle dispersion clearly exhibits a better
efficiency compared with the ultrasonic dispersion sample.
This is certainly due to the cleaning effect of the nitric
acid, which removed some defects at the surface of the
particles.
For the silica-coated particle dispersion sample, the inten-
sity is lower. This might be due to the silanol (Si–OH) groups
present at the particle surface, which can act as an electron
trapper [30].
These experiments were reproduced many times. The
various effects previously described occurred each time. How-
ever, the absolute value of the increase and decrease was not
perfectly reproduced. A 20% variation was observed in the
various identical experiments.
The last point observed in the photoluminescence measure-
ment is the 340 vs. 450 nm intensity band ratio. Normalized
excitation curves were calculated by setting the maximum of
the 450 nm band to 1. The results are shown in figure 5. In
this graph, an excitation of a commercial product is added in
order to compare its properties with the ones obtained in this
work.
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A small shift in the 2F5/2-t2g transition (340 nm) and the
2F5/2-eg transition (450 nm) seems to be revealed between the
powdered and the dispersion samples. This shift might be due
to the crystallographic environment of the cerium but is more
likely due to the packing effect of the samples.
Regarding the 450 nm band (2F5/2-eg transition), there are
three groups of data as a function of the bandwidth. The
commercial product shows the broader band (full-width at
half-maximum (FWHM): 77 nm), the powder samples have
an average FWHM of 58 nm and the dispersed samples have
an FWHM of 48 nm.
The dispersed particles exhibit the narrowest band shape.
The grinded powder and the ultrasonic dispersion samples are
basically the same samples: the first is a solid-state sample
and the second is in a dispersed state. The same compari-
son can be performed for the silica-coated particle dispersion
and the dried silica-coated powder. The difference in the band
shape is due to the experimental process. In the solid state,
the powders are compacted. The probability of excitation and
emission light to hit a particle is important. The pathway of
these beams is disturbed by multi-reflexion, while in the dis-
persed samples, particles are not as close as to each other,
Figure 5. Normalized excitation spectra of all samples, including
a commercial sample.
so the measured beam is less disturbed. In the commercial
product, in addition to the packing effect, there is no selection
of the particles. The crystallographic environment surround-
ing the cerium is not homogeneous in all the samples, inducing
this broadening.
Regarding the 340 vs. 450 nm intensity band ratio, the
commercial product is quite different from the nanoparti-
cles. Among our samples, the silica-coated particle dispersion
shows a higher ratio than the ultrasonic and citrated parti-
cle dispersions, which are almost equal and slightly higher
than the dried silica-coated powder. The lowest ratio is for
the heated and grinded powders. To analyse and understand
this point, absorption measurement was performed on powder
samples.
4.4 Absorption
The powder samples were analysed by diffuse reflection.
These measurements reveal the phenomena responsible for a
photonic transfer: radiative and non-radiative. Therefore, all
the optical phenomena will be revealed: the excitation bands
measured previously as well as optical defects. The results
are shown in figure 6a and the normalized results in figure 6b.
The particle size is different for each sample, and the ref-
erence powders (magnesia and black toner) are of micronic
size. This induces various pathways for the photons inside the
samples. Therefore, the absolute measured values shown in
figure 6 cannot be rationally analysed.
The points to be analysed are the positions, intensities and
shapes of the absorption bands. The position of the 450 nm
band did not shift, revealing again that there is no crystallo-
graphic modification in the environment of the cerium. The
relative intensities of the absorption band centred at 450 nm
are of the same order of magnitude as the excitation intensity
shown in figure 3a, due to the grinding effect on the surface
of the particles and the surface modification by the silica
coating.
The most interesting point is an additional band below 400
nm, increasing in the UV range and overlapping the 2F5/2-t2g
Figure 6. (a) Absorption and (b) normalized absorption spectra of powder particles.
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transition (centred at 340 nm). This band is less intense for
the commercial product. The large band below 400 nm cor-
responds to absorption giving rise to a non-radiative transfer,
due to defects. It means that there are fewer defects in the com-
mercial product than in the nanoparticles, which is expected
since there is more surface in the nanoparticles than in the
micronic ones. In fact, we analysed various commercial prod-
ucts from various companies. In addition, the measurements
corresponding to this non-radiative band are different as a
function of the retailer but also as a function of the synthesis
batch coming from the same retailer.
Regarding the nanoparticles, the intensity of this last
absorption band below 400 nm is inversely proportional to
the intensity of the 2F5/2-t2g transition shown in figure 5.
Therefore, below 400 nm, there is clearly a competitive phe-
nomenon between the absorption of the 2F5/2-t2g transition of
Ce3+ and the absorption of defects. The normalized absorp-
tion spectra (figure 6b) reveal that there are more defects in
the heated powder than in the grinded powder and more in
the grinded powder than in the dried silica-coated powder.
This finding may explain the 340 vs. 450 nm intensity band
ratio described previously (figure 3a). It means that in the
initial synthesis, there is a great number of defects due to
the important surface. The grinding process breaks some sin-
tered bridges and creates new and clean surfaces that relatively
decrease the amount of initial surface. Finally, the silica coat-
ing of the YAG particles removes some of these defects, by
the acidic leaching influence and by the SiO2 coating.
None of these defects seems to have an influence on the
emission properties after the 450 nm excitation (figure 3b),
since this non-radiative band disappears at 400 nm.
5. Conclusion
In this paper, the synthesis of Y2.91Ce0.09Al5O12 nanoparti-
cles by self-combustion and the SiO2 core–shell process have
been clearly described. The XRD and the microscopy analy-
ses confirm that the average coherent crystallized domain size
of 35 nm is not modified during the process, revealing that the
crystallographic structure of the particles is unchanged. This
is confirmed by the luminescence study.
The various steps of the process (grinding, dispersion, acid
leaching and citrate adsorption, silica coating and drying)
induce many modifications to the surface state of the particles.
The photoluminescence and the absorption measurements
accurately describe this effect. While the most efficient sam-
ple in terms of optical efficiency is the grinded powder, the
agglomerated state of the powder is a real limitation for their
implementation in small devices. To this end, the covering of
the YAG particles by an ultrathin silica layer, which efficiently
separates and stabilizes colloidal dispersions, appears to be a
promising route for such an objective.
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